INTRODUCTION
A large amount of the genetic information available to bacteria is carried on extrachromosomal elements (ECEs). More than 30 types of lysogenized phage are found among coliforms (38) , and over 250 kinds of plasmids are known to exist in Escherichia coli alone (119) . As a rule, only a very small number (often one) of these plasmids or lysogenized phage can exist in a cell at any giv\en time. Hence, ECEs must have evolved mechanisms for establishing and maintaining some control over the bacteria in which they exist.
The term "territorial imperative" was coined by biologist Robert Ardry (7) to describe a concept that has evolved among naturalists and describes the survival value which control of a "territory" brings to a species. Higher animals have been almost universally found to have a territorial "drive" or inward compulsion to possess an exclusive preserve. Control over this preserve allows the animal to draw upon the resources of the territory for food and water and also gives the possessor the right to father or bear offspring (7) . Although not thought of as extending to the submicroscopic level, it may be that the concept of the territorial imperative would be useful in describing the interactions that take place among ECEs in bacteria. These interactions could then be thought of as gaining access to and protecting a bacterial "territory." This review discusses one of these mechanisms: a way in which plasmids and lysogenized phage "protect" their host bacteria from certain infecting bacteriophage. We call this phenomenon prophage-or plasmid-induced abortive infection. Previous reports have denoted the phenomenon as exclusion (41, 126) , restriction (80, 137, 168) , repression (76) , suppression (90) , interference (129, 158) , dysgonia (160) , or abortive infection (130, 142, 143) . Although some of these terms have a somewhat poetic ring, we have chosen to use the term "abortive infection." The phenomenon is not limited to certain types of bacteria, but we have restricted our discussion to E. coli and Salmonella.
Other mechanisms which plasmids and phage use to prevent the infection of their hosts by phage include the induction of resistance, in which the specific viral receptors are altered (95, 127, 138, 157) , superinfection exclusion, and restriction. In superinfection exclusion, adsorption is normal but the deoxyribonucleic acid (DNA) of the superinfecting virus is prevented from entering the cell (2, 3, 147) . Restriction is, of course, the process by which invading DNA is broken down by the now famous restriction en-enon we wish to consider is the inhibition of multiplication of T-even rIl mutant phage in cells lysogenic for X. In this case, it was found that profound changes in the normal permeability properties of the membrane occurred (139) . Since that time, breakdown of cell membrane function has been reported in several systems (25, 29, 32) , and in one system it has been the subject of a heated debate (33) . We wish, therefore, to examine the evidence for abnormal membrane function in prophage-and plasmnidinduced abortive infections and see whether many of these may be attributed to a common mechanism operating at the cell membrane level.
INHIBMON OF PHAGE REPLICATION BY LAMBDA LYSOGENS Inhibition of T-Even rII Mutants
Bacteriophage A is a temperate phage and, as such, can be maintained as part of the genetic complement of its host, E. coli. Lambda has been the object of unprecedented efforts to understand the lysogenic state, and many intimate details of its life cycle are known (70) . One property of the phage that is not well understood, however, is its ability to inhibit the replication of certain mutants of the T-even phages.
The r mutants were first described by Hershey in 1946 as T2 phage variants with altered plaque morphology (144) . They were shown to be true genetic mutants-the first phage variants to be so identified-and were mapped at three positions on the T2 genome. These three loci became known as the rI, rIl, and rnI genes. Although the rIl gene was, therefore, one of the first phage genes to be identified, the physiological basis for its very complex phenotype has yet to be elucidated.
The rnI mutants of T2, T4, and T6 give large, clear plaques, in contrast to the small, fuzzy plaques produced by the wild-type phage. The mutants also do not demonstrate the phenomenon of lysis inhibition, causing lysis sooner than the wild-type phage and giving, consequently, smaller bursts (22, 144) . This lack of lysis inhibition undoubtedly causes the altered plaque morphology. Other characteristics of rIl mutants, however, such as their ability to suppress mutations in the ligase gene (14, 79) , are not as readily explained.
Benzer (11) has described how, in the process of preparing a A-lysogenic strain of E. coli K-12 for a genetics laboratory while at the same time doing experiments with rnI mutants of T2, he discovered that rIl mutants would not grow on X lysogens. The same is true for rnI mutants of the other T-even phages. The "exclusion" of T4 rIl mutants by X was used in a vast study of the genetics of the rnI region by Benzer before any studies on the mechanisn of exclusion were performed. The first studies of this type were done by a colleague of Benzer's, Alan Garen (49) . The obvious impetus for his experiments was the identification of the product of the rIl gene, a gene which Benzer had mapped with a thoroughness unequaled in the days preceding restriction mapping.
Garen found that when the X-lysogenized, restrictive host was infected with the rIl mutant, the infection proceeded normally for about 10 min. At 10 to 13 min after infection, however, all DNA and protein synthesis stopped abruptly and the rate of respiration dropped to about 40% of the normal rate. The cells retained their morphological integrity as seen in the light microscope, however. The enzymes necessary for the synthesis of phage DNA were found to be present, and Nomura (117) showed that the small amount of DNA that was synthesized was normal in that it contained hydroxymethylcytosine in place of cytosine. Rutberg and Rutberg (134) and Kozaka et aL (85) later showed that the synthesis of an early enzyme, deoxycytidine triphosphatase, was normal in nIl-infected E. coli K-12. No lysozyme or serum-blocking antigen was made, however (134) . Hence, the infections's pre-early and early phases appeared to be normal, but late products were not found.
Although normal in most respects, the early phase of infection by rnI mutants does show one enzymatic abnormality. This is the lower level of deoxyribonuclease found by Rutberg and Rutberg (133, 134) in the rII-infected cells. This lower level of deoxyribonuclease was found in the restrictive host [E. coli K-12(X)] as well as in several permissive hosts and therefore cannot account for the lack of growth on the restrictive host. Whether this can explain the mutants' intriguing ability to suppress ligase mutations of T4 (14, 79) is, however, unknown.
In trying to determine whether the r+ (wildtype) phage-infected cells produced a product that would allow rnI phage to multiply in its restrictive host, Garen (49) (49) .
In 1956, FerroLuzzi-Ames and Ames (45) extended these studies and showed that the polyamines putrescine, spermidine, and spermine also allowed T4 rII mutants to reproduce in E. coli K-12(X). Spermidine, the most effective cation tested, increased the burst of rII phage from E. coli K-12(X) 1iO times, to a value that was 50% of the control value. They found that the cations had to be added before the 8th min after infection to be effective and concluded that there was a critical process happening at this time which was essential for the multiplication of the rII phage. This is the time at which the rII gene has been reported to begin functioning (101) . The event causing the abortive infection apparently occurs much earlier at higher temperatures, as indicated by the fact that, when cells infected by an rII temperature-sensitive mutant are incubated at 420C, irreversible rapid inactivation of the infectious centers takes place during the 3rd to 5th min after infection (86) .
To test the possibility that some membrane damage occurred at about the 8th min after infection of E. coli K-12(X) by rII mutants, FerroLuzzi Ames and Ames (45) looked for the leakage of ['4C]putrescine from uninfected, n+-infected, and rnI-infected cells. They found that putrescine was released from both r+-and rHIinfected cells. The rate of release from both the productively and abortively infected cells was the same for about 7 min, but then release of the putrescine from rn-infected cells stopped but the release from rII-infected cells continued. Mg2+, which allowed reproduction of the rII phage, did not prevent the additional leakage of putrescine from the rII-infected cells (45) . Brock (26) also studied the effect of polyamines on rII replication and confirned that polyamines or Mg2`were needed after about the 10th min postinfection of rII replication. She could not, however, find any evidence for a generalized leakage from rII-infected cells since leakage of fi-galactosidase or 3P-labeled compounds was the same from r+-and rII-infected E. coli K-12(X). Brock also made the interesting observation that ultraviolet light induction of the X phage caused a 400-fold increase in the yield of rII phage.
Sekiguchi (139) continued mechanistic studies on the block to multiplication in rII-infected E. coli K-12(X) cells and found that they had a defect in Mg2+ transport. This defect was apparent only in the presence of monovalent cations, however. He found no gross leakage of Mg2e from the rII-infected cells. He also showed that the incorporation of 3P into adenosine 5'-triphosphate (ATP) was deficient in rII-infected E. coli K-12Gk) and that the level of ATP in these cells dropped. This block in phosphorylation preceded the cessation of other metabolic activities in these cells. It was found that the nicotinamide adenine dinucleotide content of rnI-infected cells was low and that this low content was due to leakage of the compound from the cells.
Buller and Astrachan (27) , on the basis of the work by Garen, the Ameses, and Sekiguchi, as well as work that they had done on the reversal of the rII defect in E. coli K-12(X), concluded that the inability of T4 phage to multiply in E. coli K-12(A) when the rII product is defective is associated with altered permeability in these cells. In support of this, they observed that rnIinfected E. coli K-12(A) cells swelled and lost refractility. They could not, however, attribute the altered permeability either to changes in the cell surface mucopolysaccharides or to alterations in phospholipid metabolism (27) . Krylov (86) has also indicated that the cell surface may be involved in the X exclusion of rII mutants by showing that the surface charge of E. coli B infected by rI(TS) differs from that of the r+-infected E. coli B cells. He assumes that the rII gene, therefore, functions in the synthesis of cell wall after infection by T-even phage.
The above studies may be summarized as follows. rII mutants of T2, T4, or T6 cannot grow in X lysogens (11, 49, 139, 144) . The infection of a restrictive host with the rIl mutant appears to be normal for about 10 min in any medium that will support the growth of the wildtype phage, after which differences in membrane function become apparent and the infection becomes abortive. The inhibition can be overcome by supplementing the medium with a relatively high Mg2' concentration (139) or polyamines (45) , but not by increasing the concentrations of monovalent ions. These supplements, furthermore, prevent growth of the rII mutants in a medium containing 0.1 M sucrose, whereas in the absence of Na+ this medium will allow growth (139).
Sauerbier et al. (135) added to these studies a thorough study of DNA and messenger ribonucleic acid (mRNA) metabolism in T4 rII-infected X lysogens and concluded that the infection was abortive because no late mRNA could be synthesized. These authors, though, agreed that this could be due to an ionic imbalance.
Inhibition (102) . No mechanism has been postulated for this unusual inhibition by A. The A rex function is also responsible for the early lysis and reduced burst size of Ti phage (30) (16, 17) .
The interference with the multiplication of the T-even phages by P2 was noted relatively early in the history of modern phage research. In 1953, Bertani showed that when strains of S. dysenteriae became lysogenic for P2, they lost the ability to replicate T2, T4, and T6, as well as T5 (15) . E. coli strains lysogenized with P2, however, grow these phages normally (15) but do not replicate A (see below). The early stages of infection of T5 were studied in S. dysenteriae lysogenized with P2 and, for this phage at least, were found to be normal (166) . Lederberg, in 1957 , compared the effects of lysogenization with either P1 or P2 on the growth of various phages (90) . He found that whereas the P1 interference with growth appeared to be what is now known as restriction, in that modified phage were obtained, the P2 interference was something different. In the case of T2, he found that although E. coli B, S. dysenteriae, and S. dysenteriae(P2) were all killed with the same efficiency by T2, plaques were observed only with the nonlysogenized Shigella or E. coli B. The S. dysenteriae(P2) cells, which did not produce any progeny when infected by T2, maintained a constant rate of respiration, their chromatin dispersed to the cell periphery as it does in a normal infection, and at least one early T2 function was observed (90) .
The physiological state of the lysogenic cell was found to be very important in the inhibition of multiplication of T2. The number of cells in which the T2 could multiply rose from 0.01 to neously from the streptomycin-resistant cells still gave inhibition when used to lysogenize other cells. Inexplicably, the streptomycin-resistant strain was still unable to inhibit T2 multiplication, even when it had reverted to streptomycin sensitivity (90) . Smith et al. (143) further studied the abortive infection of S. dysenteriae(P2) by T2 and found that protein and RNA synthesis continued for 3 to 5 min and then abruptly stopped. Deoxycytidylate hydroxymethylase was produced (15% of the amount found in a normal infection), but phage DNA synthesis was only about 0.1% of that found in normal infection. Sedimentation analysis revealed that the T2 DNA was not broken down.
Fields (46) compared the effects of colicins El and K with the abortive infection of S. dysenteriae(P2), using both T2 and T5 phages. She postulated that the cytoplasmic membrane is damaged in the abortive infections, causing ATP to leak out of the cell. This loss of ATP leads to a state analogous to an energy-"poisoned" state. Using T5 to infect P2-lysogenized S. dysenteriae, she found that RNA synthesis stopped at about 5 min postinfection. With T2, protein synthesis was seen to stop at the same time. T2 also inhibited the accumulation of thio-,B-methylgalactoside, an energy-dependent reaction, in S. dysenteriae(P2). She measured the level of extracellular ATP and found that, in the case of T2 infection of the nonpermissive host, most of the ATP was found in the supernatant by 10 min postinfection. E. coli C270, which also gave an abortive infection of T2 and which Fields hypothesized contains a P2-related prophage, became permeable to extracellular o-nitrophenyl-,f-D-galactopyranoside after infection by T2. This indicates again that damage to the cell's permeability barrier may be the cause of the abortive infection (46) .
Although P2 lysogens of E. coli do not produce abortive infections of the T phages, a P2-like phage found in E. coli W does inhibit the replication of both X and T2. This temperate phage is effective in causing abortive infections in E. coli C, but not in E. coli K-12 (55, 80, 122, 135) . It may be that this is the phage contained in E. coli C270. Prophage mutants have been isolated that allow productive infection, implicating phage as well as host genes in the abortive process. Although the inability of X to grow on lysogenized E. coli W has been attributed to restriction because some solubilization of the DNA occurs, no modification of A has been found (80) . This indicates that the prophage must be res+ mod; this genotype should, however, be lethal. Some T2 DNA is also acid solubilized during the abortive infection of E. coli W by T2; however, 50% of the DNA does remain as intact whole molecules. In spite of this, cessation of DNA, RNA, and protein syntheses occurs between 5 and 10 min after infection. Valine incorporation stops abruptly at 5 min after infection, and whereas RNA synthesis continues for about another 5 min, it does so at a reduced rate. It appears, therefore, that in the case of the W prophage there are two separate processes occurring: one in which the phage DNA is broken down and the cell unaffected and another in which the phage DNA is not attacked, the cell is killed, but an abortive infection ensues. Consistent with this is the fact that T2 kills E. coli W with only about 50% of the efficiency with which it kills E. coli B. Presumably the cells that are not killed are the ones that can solubilize the T2 DNA. In the cells that are killed, it can be postulated that an abortive infection similar to the abortive infection of S. dysenteriae(P2) by T2 occurs.
Several groups have studied the P2-induced abortive infection of I in E. coli (31, 92, 141) . It was seen that the efficiency of plating of wildtype A on E. coli lysogenic for P2 was less than 10-6, although A could adsorb and inject its DNA normally; the A DNA could circularize and was not nicked or degraded. Mutants of P2 that did not interfere with A replication were isolated, and it was found that these were identical to the old mutants previously selected for their ability to grow on recB recC mutants of E. coli; wildtype P2 cannot grow on these mutant E. coli. Mutants of X have also been isolated that are not susceptible to the P2-induced inhibition; these are known as spi.
The effect of P2 on A DNA, RNA, and protein syntheses has been studied by induction of a strain of E. coli C which is doubly lysogenic for P2 and A cI857 and also by infection of a P2 lysogen with virulent X (31, 37, 92) . Twenty minutes after induction of the two phages, RNA and protein syntheses were reduced 100-fold and DNA synthesis was diminished to 13% of the control value. No A late mRNA was found (92) . Essentially the same results were found when A infected a P2 lysogen (31) . The comments of Lindahl et al. (92) regarding this abortive infection are worth noting: "It is difficult to say which process is primarily affected by the joint action ofthe P2 old product and A spi products, because the effects are so many, so drastic, and so complete." Although no measurements of membrane functional integrity have been done in this system, this statement is strongly reminiscent of those found in papers reporting gross membrane abnormalities during plasmid-induced abortive infections. The hypothesis of membrane damage, however, does not seem to be consistent VOL. 45, 1981 with the phenotypes exhibited by mutants which are not susceptible to or do not cause this abortive infection. The old gene product of P2 acts to kill recB recC cells, and the spi genes of A are clearly involved in genetic recombination and also affect the ability of A to plate on a recA recB+ host (171) . In spite of this involvement of the genes causing the abortive infection with genetic recombination, degradation of bacterial or phage DNA does not appear to be a factor, and the mechanism for the cessation of the infectious process remains unknown.
HK239 is another P2-related phage that can inhibit the growth of A. Dhillon and Dhillon reported that when this phage, which was isolated from cow dung, lysogenized E. coli K-12, it excluded not only A but also rII mutants of T4 (37) . T4 rI plated with nearly normal efficiency, but the plating efficiency of T4 rHI was 10-7.
P22-Induced Abortive Infections The P22 prophage of Salmonella can prevent replication of superinfecting P22, as is the rule for all temperate phages, and also a number of heterologous phages (reviewed in reference 146). In addition to the immunity due to synthesis of repressor, other mechanisms developed by P22 include alteration of the phage receptors, induction of partial resistance, and superinfection exclusion, wherein DNA released from secondarily adsorbing phage apparently cannot enter the cell (42, 147) . The superinfection exclusion reaction is controlled, at least in part, by sieA gene function. A fourth mechanism, under the control of the sieB locus, is of interest to us here. (For a P22 genetic map, see Fig. 2 of reference 146 .)
The sieB system inhibits replication of a number of phages unrelated to P22 (148) , and although the sieB system does not normally act on a virulent mutant of P22, it does act on certain P22/L hybrids (149) which have lost a functional P22 esc gene. The esc gene, an early gene of P22, is responsible for the "escape" of P22 from control by the sieB function and allows replication of sieB-sensitive phages in mixed infection with sieB-insensitive phages.
The physiology of the sieB mechanism was studied during infection by phage L of cells containing lysogenic P22 (sieA sieB+ or sieA sieB) or no lysogen (149 (60) , the inhibited phages include a group of related viruses having substantial regions of DNA homology (62, 75) . This collection includes T7 (62, 63, 98) , OI (36) , OH1 (35, 94) , W31 (161) , and H (isolated from Yersinia pestis) (39, 111) . 4 ) adsorbs poorly to male cells (36) , and therefore is not pertinent here. H phage adsorbs poorly to some males (111) and normally to others (39), but does not replicate in even those male cells to which it can adsorb (39) . W31 is unusual in that it can replicate in Hfr strains but not in other F-containing cells (161) . This system is interesting, but has not been studied extensively. It can, however, be postulated that integration of the F factor has inactivated a host gene required for the abortive infection.
The F-induced abortive infections of T7 and ,O1 have been extensively studied and have generated, in the process, a great deal of controversy over the mechanisms of inhibition by the F factor (33) . The results of one study also indicated that replication of T3, another relative of the T7 group, is inhibited in male hosts (137) , but it is now thought that the phage being investigated was really T7 (M. Malamy, personal communication). In contrast to the male-specific phages, which adsorb only to F+ or Hfr cells, the female-specific phages, 4IH and T7, adsorb normally to both cell types. These phages, however, produce very few progeny on F+ or Hfr strains of E. coli (94, 113) , the efficiencies of plating, relative to those on isogenic female cells, being from 10-2 to 10-8, depending upon the strains used. Single-burst experimnents indicate that only about 1% of the cells in a male population will support replication of these phages, and even the burst size from these cells is much smaller than normal.
Abortive infections of T7 and 4sI begin as though a normal productive infection were to occur. As mentioned, adsorption is normal, as is DNA entry. The cells are killed, as in a productive infection, and the infecting genome is not on October 16, 2017 by guest http://mmbr.asm.org/ broken down (94) . Class I or pre-early proteins are synthesized apparently normally; the later stages of infection are grossly abnormal, however, and progeny are never produced. DNA synthesis is greatly inhibited (94) , as is the synthesis of class II proteins, including T7 endonuclease and exonuclease (113) . Lysozyme, also a class II protein, and gene 10 head protein, a class IH protein, are synthesized in very small quantities, less than 10% of the usual (112) . The mRNA's for lysozyme and gene 10 head protein are, however, produced (20) , and although hybridization experiments indicate that the amount of RNA synthesized in the first 9 min of infection in male cells is decreased, the mRNA's isolated from male cells band identically to mRNA's derived from infected female hosts (93) . This suggests that the messages for all classes of protein are made during abortive infections.
Because of these findings, which indicated the synthesis of class I, class II, and class m mRNA's but the synthesis of only class I proteins, Morrison and Malamy proposed their translational control hypothesis (113) . This hypothesis generated considerable interest because, at that time, examples of translational control were extremely rare outside of the RNAcontaining viruses. Morrison and Malamy hypothesized that control of T7 protein synthesis was governed by two translational initiation factors, one specific for class IIA proteins, the earliest of the class II proteins, and one specific for class IIB proteins. The F factor was thought to synthesize two competing translational initiation factors, anti-A and anti-B, which blocked the action of the T7 initiation factors and prevented class II protein synthesis. The existence of untranslated mRNA is consistent with this. Furthermore, mutants of the F factor were isolated that allowed translation of T7 mRNA to proceed. The mutations are found at two loci on the F factor, pifA and pifB (phage inhibition factors A and B). Strains containing pifA pifB sex factors are fully permissive hosts, whereas pifA pifB+ factors allow translation to continue about 5 min longer than in the totally nonpermissive cells. This extra 5 min apparently allows some phage production, since the pifA pifB+ hosts have plating efficiencies of up to 50%. These mutants do produce class IHA proteins in accordance with the model. No pifA+ pifB mutants which allowed production of class IIB but not class IIA proteins were found, and it was hypothesized that a class IIA protein was required for class IIB protein synthesis (113) . It should be noted here that T7 mutants which can grow in F-containing cells have also been isolated (56), as have some male strains which are permissive for wild-type T7 and 4II, in which the host's chromosome is mutated. Interestingly, many of these are mutant in the strA gene (28) . Thus, it is likely that at least three factors must interact to truncate the infection.
Proof of the translational control hypothesis would seem to be simple and straightforward. One need only show that the mRNA's produced during the abortive infection are functional in vitro, as was shown by Blumberg and Malamy (20) , and that extracts of T7-infected F+ cells cannot translate T7 mRNA of the class II or class III type. Some reports, in fact, did confirm these predictions. Yamada and Nakada (168) have shown that extracts taken from uninfected male or female hosts are equally capable of supporting translation directed by exogenous MS2 or T7 (early or late) messengers. This ability is diminished by 5 min after initiation of abortive infection, however, and by 10 min this dysfunction is marked. Workers in Malamy's laboratory have also shown that extracts of cells containing wild-type (pifA' pifBl) F factors, taken 8 min after infection, show three-to fivefold less translational activity than extracts from infected female cells taken at the same time (21).
If the infected cells bear pifA pifB+ plasmids, however, this dysfunction is not observed at 8 min. The latter finding is consistent with the fact that in vivo protein synthesis coniinues until VOL. 45, 1981 lational deficiency in the T7-infected F+ cells. These same conclusions have been reached by several other groups (34, 170) . Nuclease treatment to reduce the amount of contaminating endogenous T7 mRNA was not used in these studies, however, and the validity of these conclusions has been questioned by Blumberg et al. (21) .
Despite this argument, other evidence makes the specific translational defect hypothesis unpalatable. The hypothesis is predicated on the assumption that transcription during abortive infection is normal, at least until after translation becomes defective. Such an assumption does not seem to hold true. Although Malamy and his coworkers concluded that all species of RNA that were made in a normal infection were also made during the abortive infection (20, 93) , Young and Menard report that production of nine different T7 mRNA's is inhibited in male cells by 5 to 100% compared with the amounts made in infected female hosts (170) . Furthermore, gel analysis of extracts taken at intervals after T7 infection of nonpermissive cells fails to demonstrate any messenger production after 10 min. Remarkably, the time when RNA synthesis stops coincides precisely with the time when protein synthesis stops (34) . This is confirmed by measuring incorporation of uridine into acid-insoluble macromolecules (24). Young and Menard (170) also report that protein synthesis during abortive infection does not follow the pattem originally described. In addition to class I proteins, some late proteins do appear.
Other findings also seem inconsistent with a strict translational control hypothesis. For instance, host DNA synthesis stops abruptly and completely 6 to 8 min after infection of male cells, whereas the rate is still 50% of normal at 20 min after infection of female hosts (32) . More importantly, studies with two types of T7 mutants seem to preclude consideration ofa specific defect of late tanslation (25) . In these studies, phage mutants which produce early proteins for a prolonged time, and other mutants which "read through" a normal termination signal and produce late proteins under the control of E.
coli RNA polymerase, have been used. In both types of infection, regardless of whether early or late proteins are being made at the time, and regardless of whether the host or phage RNA polymerase is being used, protein synthesis stops at 9 to 12 min after infection. All of these results suggest that a generalized, rather than a specific, cellular dysfunction causes the complete shutdown of macromolecular synthetic processes.
Because of these findings that conflicted with Monison and Malamy's hypothesis (113) showing damage to the translational apparatus during the abortive infection (21). The damage correlated under all conditions tested with lack of phage growth. Furthermore, they showed that ATP leakage occurred in situations that were not completely abortive. For instance, extracts of the infected pifA pifB+ mutant did not show inhibition oftranslational activity (at 8 min postinfection), but these cells did exhibit release of ATP. The rate of release may, however, be slightly slower or the release may be initiated later than when pifA pifB+ celLs are infected, but the crucial time points to determine this were not taken. Blumberg and Malamy claim that the release of ATP by the T7-infected pifA pifB+ mutant, which does not exhibit decreased in vitro translation ability, indicates that the membrane damage is only a side effect of the inhibition of translation during the abortive infection (20) . Another study involving rpsL and galU mutants has come to the same conclusion (128) . Another explanation of the data of Blumberg et al. is possible, however. This is that the pifA pifB+ mutation is simply a leaky mutation at a different site in the same gene as the pifA pifB mutation. The fact that no pifA+ pifB mutants have been found would tend to substantiate this, as would the fact that the two mutations (4) . No mechanism for this was postulated. Watanabe et al. (162) observed that several coliphages, including Ti, A, and T7, were inhibited by several fi-R factors in E. coli. In one case, that of the N-1 R factor, no modification of the phage could be found. It was also shown that CaCl2 antagonized the inhibitory properties ofthe plasmid. These results suggest that the phage inhibition is not due to the phenomenon of restriction (162) . This is also suggested by Revel and Georgopoulos (131), who find that the N-1 inhibition of nonglucosylated T-even phage growth is somewhat different from the Pl-induced inhibition, the latter being true restriction. Taylor and Grant have also observed inhibition of A, Ti, and T7 by R plasmids presumably related to N-1 (153, 154) .
More recently, Hughes and Meynell (73) have reported "interference" with the growth of A, P22, and T7 by the R factors R56 and R64. They observed that mutants in the strA locus of the host prevented the growth interference and also found other host chromosomal mutants that could prevent the interference. Plasmid mutants were likewise found, but phage mutants able to grow in the presence of the plasmid were rare. Hedges et al. (65) reported that several fi+ plasmids from Proteus morganii inhibited the replication of X by an unknown mechanism, presumably not restriction since no modified phage were found. Taylor and Grant (154) reported that phage mutants able to grow on plasmids of this same incompatibility group were easily isolated. Yokota et al. (169) found that a thermosensitive kanamycin resistance factor caused the inhibition of T4. Because this phage contained glucosylated DNA, the phenomenon observed was not likely due to restriction.
Even more recently, Walia has shown that three R factors found in clinical isolates of Klebsiella, when transferred to Salmonella typhimurium, dramatically inhibit the ability of these organisms to reproduce phage. Of great interest, in this case, was the fact that an Hg2+-reducing plasmid could reverse this phage inhibition (S. K. Walia, Ph.D. dissertation, Medical College, Rohtak, India).
Much of the literature on R factors and phage sensitivity is confusing because almost all instances of phage inhibition are referred to as restriction of phage growth. Now, of course, restriction refers to a very specific phenomenon, and this makes it easy to dismiss many of the examples of phage inhibition caused by R factors as being due to DNA hydrolysis caused by restriction enzymes. In actual fact, the mechanism is often unknown. (87) (88) (89) . T5 and BF23 are also unusual in that they contain nicks at specific locations in one strand of their DNA. These nicks are apparently not responsible for the unusual injection mechanism of these phage and may, in fact, be nonessential in all known laboratory hosts (132).
COLICINOGENIC PLASMID-INDUCED
The proteins synthesized very early after injection or in cells that contain only the first-steptransfer DNA or first 8% piece of the DNA are called class I, or pre-early, proteins (9) . They are synthesized from about 1 min after infection until about 10 DNA molecule into the cell, these proteins control the degradation ofhost DNA and the shutoff of synthesis of pre-early proteins. Class II, or early, proteins are synthesized most abundantly from 6 to 20 min post-infection, but some continue to be synthesized until lysis. Class II proteins are primarily those involved in phage DNA synthesis. Class III proteins, the late or structural proteins, are synthesized from about 13 min postinfection until lysis occurs at about 45 min after infection (102) (103) (104) 106) .
In 1966, Strobel and Nomura (145) reported that cells containing the colicinogenic factor ColIb or an unrelated colicinogenic factor, ColE2-317, would not support the multiplication of bacteriophage BF23. A large number of other plasmids or prophage including the ColIa factor did not prevent replication, and it was later shown that several plasmids, including one related to ColIb, were present along with the ColE2 in the 317 strain. Nisioka and Ozeki (115) later showed that T5 was also inhibited by the ColIb plasmid. Studies on the mechanisRm of the inhibition of BF23 by ColIb showed that the adsorption and the injection of its DNA were normal and that the phage DNA was not broken down. Host DNA was broken down, though, indicating normal pre-early function, but no phage DNA synthesis could be detected. Phage genes were implicated in the abortive infection by the finding of Strobel and Nomura, who showed that stable mutants of BF23 could be isolated that would grow on the ColIb cells (145) .
Nisioka and Ozeki (115), confirming and extending the work of Strobel and Nomura, showed that although adsorption of BF23 to ColIb-containing cells was normal, only about 5% of these cells could produce progeny phage. The growth of both the colicinogenic and noncolicinogenic strains stopped immediately upon addition of phage, but whereas the productively infected cells lysed at about 50 min postinfection, releasing progeny phage, the colicinogenic strain lysed at 15 min postinfection without yielding progeny. They termed this phenomena "early abortive lysis." Although 20% sucrose could prevent the actual lysis of the abortively infected cells, progeny production was not increased. The lysis could not be attributed to early or increased production of phage lysozyme because the synthesis ofthis enzyme in ColIb+ cells was virtually nonexistent. Nisioka and Ozeki (115) found that irradiation of BF23 or addition of chloramphenicol to the ColIb+ cells prevented the early abortive lysis.
They also found that, in Penassay broth without the addition of CaCl2, the early abortive lysis did not occur even though adsorption was normal. The results suggested that a phage gene must function in order to produce the abortive infection. This was confirmed by the finding that phage mutants that can grow in the presence of the ColIb factor are recessive to wild-type phage.
In addition to phage mutants allowing growth, some ColIb-containing strains are permissive because of mutations on chromosomal (74) (110) , studying the abortive infection with BF23, obtained results very similar to those of Moyer et al. (114) . They found that when BF23 infected E. coli W3110(ColIb), all protein synthesis, as measured by ['4C]leucine incorporation, stopped between 5 and 10 min after infection. Gel electrophoretic analysis of the proteins synthesized indicated that they were all of the pre-early class (110) . There were no early proteins made, and consequently phage DNA synthesis did not occur.
Szabo et al. (150) have done a very nice immunoprecipitation study of RNA polymerase after T5 infection. Their study was, in part, related to their observation that class II RNA was not detected in T5-infected ColIb-contain-VOL. 45, 1981 on October 16, 2017 by guest http://mmbr.asm.org/ Downloaded from ing cells. Pertinent results were as follows: after infection of non-colicinogenic cells by T5, one class I polypeptide (11,000 daltons) and two class II polypeptides (15,000 and 90,000 daltons) were associated with RNA polymerase; in ColIb-containing cells, only the class I polypeptide was found; the ColIb factor itself did not modify the polymerase; a T5 h-mutation caused the lack of a 12,000-dalton (soluble) polypeptide in ColIbcontaining cells which was found in wild-type infection, but the 11,000-dalton class I RNA polymerase-associated polypeptide was not affected; the h-mutation affected the amounts of class II polypeptides bound to RNA polymerase later in infection. It should be noted that the T5 h-phenotype is due to a mutation in pre-early gene A3, and the permissive phenotype may result from an altered 12,000-or 13,000-dalton polypeptide rather than a lack of it (106 It has also been proposed that the primary defect is at the translational level (74) . The cmrA locus, allowing productive infection in the presence of the plasmid, maps'near the gene coding for a ribosomal protein. This suggests that the ribosomal apparatus might be implicated, but no study has determined whether extracts from abortively infected cells can support in vitro translation. Thus, although no sound basis for a primary transcriptional or translational defect has been found, the studies looking for such abnormalities have not been exhaustive.
Another line of investigation has been to examine changes in the cell envelope during abortive infection. Infected nonpermissive cells become sensitive to sodium dodecyl sulfate-induced lysis, unlike their infected ColIb-counterparts (29) . This change, although indicative of structural alterations in the host's outer envelope, occurs later than the cessation of macromolecular synthesis, as does the early abortive lysis mentioned previously (115) .
Functional impairment of the cell membrane has been found earlier than these structural abnormalities (50) (51) (52) (53) . By 10 to 15 min after infection of ColIb-containing hosts, uptake of glutamine, proline, and thiomethylgalactoside (a lactose analog) is significantly depressed (35, 51) . a-Methylglucoside (a glucose analog) uptake, on the other hand, is markedly stimulated during abortive infections (51) . Interestingly, the impaired uptake systems are those which require membrane polarization (12, 13) , whereas the stimulated system does not require this (71, 77) . Several reports have indicated that ATP and other nucleotides are released from the abortively infected cells (29, 105) .
These membrane effects are quite similar to effects observed after bacteria are treated with the bacteriocidal proteins colicins El, K, Ia, and Ib (48, 61, 96, 97) . This group of colicins is thought to kill sensitive bacteria by forming ionpermeable pores in the cell membrane (136) . Such pores could be expected to lead to membrane depolarization and depletion of energy stores as the cell futilely attempts to repolarize its membrane. After colicin proteins are added to sensitive bacteria, preloaded potassium and magnesium ions leak into the medium. Coincident with this, ATP levels begin to fall and changes occur in the fluorescence intensity emitted by membrane-bound fluorescent probes (66, 121) . Cells can be partially protected from colicin K-induced death, but not from colicin Ia-or Ibinduced death, by chemically or genetically inhibiting membrane-bound adenosine triphosphatase and growing the cells in cation-rich medium (84, 123) . Inhibition of adenosine triphosphatase prevents the decrease in ATP levels, and presumably the high concentration of cations allows the cell to maintain an adequate intracellular concentration of essential ions.
It has been hypothesized that shutoff of metabolic events during abortive T5 and BF23 infections of ColIb-containing hosts is mediated by the same mechanism that operates during cell killing by external colicin lb (105) . It has been proposed that a specific T5 protein, gp A3, inactivates the immunity protein coded for by the ColIb plasmid, thereby allowing intracellular colicin Ib to interact with the cell's membranes and thus to kill the cell (105) . This mechanism requires the interaction of gene products from three sources: host, plasmid, and phage. Mutations in the host genome can perhaps alter the MICROBIOL. REV.
on October 16, 2017 by guest http://mmbr.asm.org/ Downloaded from membrane proteins that are the targets for internal colicin Ib or in other ways change the membrane-colicin interaction. Mutations in the ColIb plasmid which prevent the abortive infection could be of two types. A mutation in the immunity gene could produce an immunity protein that could still protect the cell against the lethal effect of colicin lb but that could not be inactivated by the phage-specified protein. The RM39 strain used by Glenn and Duckworth (51) apparently contains a plamid of this type. The second type of permissive plasmid mutation would be a change in the structural gene for colicin lb which would produce an inactive colicin. Hull Florida, Gainesville, 1979) . If, in fact, the abortive infection is caused by the colicin Ib protein, the failure to prevent abortive T5 infections by using adenosine triphosphatase inhibitors and cation-rich medium would be consistent with the failure of these same conditions to prevent killing of colicin-sensitive cells by external colicin Ib. Arguing against the hypothesis is the fact that Males and Stocker (99) have isolated a conjugative plasmid, pRES-K317, from E. coli strain 12-317, which is imilar to ColI plasmids in several respects, including its ability to inhibit the replication of BF23 and T5. Since a mutant of BF23 which can grow in the presence of a ColIb factor can also grow in the presence of pRES-K317, the mechanisms whereby the plasmids inhibit phage growth can be assumed to be the same. Strains harboring pRES-K317, however, produce neither colicin nor immunity to colicin Ia or Ib. Were the cells simply lacking the ability to produce colicin, it might be argued that they still contained a remnant of the colicin protein that could kill the cells synthesizing it, should the immunity protein be inactivated. The fact that pRES-K317 does not code for immunity to colicin lb appears to argue against this. However, it could be that the phage-coded protein that inactivates the immunity protein for colicin Ib can also inactivate the immunity protein for a putative cryptic colicin coded by pRES-K317.
Inhibition of T7 and Related Phages Besides its inhibition of T5 and BF23 phage replication, Gomez and Nualart (57) reported that the Collb plasmid could inhibit certain mutants of T7. The gene of T7 necessary for preventing the abortive interaction with the ColIb plasmid was found to be gene 0.7. This gene coded for a protein kinase and was nonessential for growth in the absence of the Collb plasmid. Mechanistic studies have not been done in this system but are obviously of great importance for establishing a unified picture of all abortive infections.
Gomez and Nualart (57) also reported that ColE2 drastically reduced the efficiency of plating of T3. ColB1 and ColB4, they found, reduced the efficiency of plating of all T7-related phages they tested. In no case was the adsorption of the phage affected by the presence of a plasmid.
Inhibition of Phage W31 by CoIB2 The ColB plasmnid is a conjugative plasmid which codes for the production of a colicin that inhibits DNA, RNA, and protein syntheses in the cells to which the colicin adsorbs. The colicin may act as an energy poison, as does ColE2, which has similar effects (59) . It has been found that phage W31, isolated from Tokyo sewage by Watanabe and Okada (161) , will not replicate in the presence of the ColB plasmid. Both the plaque size and efficiency of plating of W31 were reduced by the presence of the plasmid; the ColE2 plasmid had no effect (161) . Phage W31 is an unusual female-specific phage in that it will not replicate in F+ strains but will on Hfr strains (see above).
It was suggested that the ColB plasmid also is ineffective in inhibiting W31 if it is integrated. The behavior of W31 on E. coli W2252 (FCorB) led to this suggestion. W2252 (F-) arose spontaneously from W2252 (Hfr) and was found to be converted to Hfr and not F+ by mating with wild-type F of usual F+ strains. It was suspected that W2252 (F-) had the so-called sex factor affinity locus (1) . When the ColB plasmid was inserted into W2252 (F-), it did not inhibit the replication of W31 but did cause transfer of the host chromosome in matings with other Fstrains. It was concluded, therefore, that the ColB plasmid was integrated in this mutant strain and was, like the F factor, unable to inhibit VOL. 45, 1981 on October 16, 2017 by guest http://mmbr.asm.org/ Downloaded from W31 in the integrated state. The reasons for this are not known, but it is possible that the integration of the plasmid interfered with some of the host genes necessary for the abortive infection. It was not reported that the ColB plasmid still caused the production of colicin when integrated, but presumably this was so.
OTHER INHIBITED INFECTIONS In addition to the examples of abortive infection we have described, one often comes across mention of similar inhibitory phenomena attributable to plasmids. What is observed in these cases is that phage mutants in nonessential genes are unable to grow on particular hosts. Later it is found that these hosts contain a plasmid. The A inhibition of phage that are mutant in the rII gene is an example of this. Another example is the inability of nuclear disruption defective (nnnd) mutants of T4 to grow on the host CT447 (82) . The nnd gene is nonessential in most hosts, and wild-type T4 grows normally in CT447. The inhibition of the nnd mutants in this host does not appear to be caused by damage to the infecting DNA and appears to occur at some stage in the infectious process after DNA synthesis. This would be consistent with a mechanism similar to the abortive infections described here. Interestingly, the restrictive ability of CT447 disappears after the introduction of an F factor, and it has been hypothesized that the F factor causes loss of a plasmid which is incompatible with F (82).
A similar phenomenon has been described by Black (18) and Black and Abremski (19) with another T4 mutant which is missing one of the internal proteins (I-). This phage is viable on E. coli B but cannot grow on E. coli CT. Here again, the DNA does not seem to be damaged. Other T4 mutants in a heavily mutagenized stock were selected for their inability to grow on E. coli CT, and it was found that most of these phage were rII mutants. Although I-mutants are not restricted by A lysogens, the finding still suggested to Black and Abremski that the CT strain was lysogenic. Ultraviolet light-treated cells or those grown in the presence of mitomycin C partially lysed after a considerable delay, and chloroform induced considerably more late lysis. However, no phage were detected in the lysates when plated on several other E. coli strains or when examined by electron microscopy. This suggests that either a defective prophage or perhaps a colicinogenic plasmid is present in the cells, a notion corroborated by the observation that cured CT cells become sensitive to both rII and I-mutants (19) .
So although the mechanisms whereby ECEs can cause virulent phage replication to be abortive are not totally understood, it does appear that these lethal interactions between phage and ECEs are most important. As indicated, mutations in genes that are seemingly unnecessary for phage replication are found to cause abortive infections in the presence of the appropriate plasmids, and plasmid genes that can be mutated with no apparent harmful effects are found to mediate abortive infections. How these genes of both phage and plasmid are maintained for many generations of disuse is a question which cannot be answered at this time. CONCLUSIONS The first conclusion that must be made is that inhibition of virulent phage multiplication by ECEs is very common and an important part of the life cycle of these subcellular entities. Three fairly well understood mechanisms have been previously described for the induction of a state refractory to viral replication; these are resistance (95, 127, 138, 157) , superinfection exclusion (2, 3, 147) , and restriction (107) . We have discussed here a fourth mechanism whereby ECEs can inhibit phage replication, abortive infection. This mechanism will, perhaps, allow understanding of some previously unexplained phenomena which have been reported from time to time since the early days of phage research (see, for example, reference 47). In the case of these abortive infections, a normal infection is initiated but cannot complete itself. Genes of the phage and the ECE, as well as bacterial chromosomal genes, all participate in causing the lethal event.
For this review, we have concentrated our studies on phage inhibition by ECEs in the enterobacteria, but the phenomenon is not restricted to these genera alone. Behnke (67, 129, 130) . The mechanisms for these inhibitions have not been studied but may be similar to the ones we have described here. An abortive infection of B. subtilis has, in fact, been described as being caused by "some catastrophic event which brought about a virtual cessation of both phage and host nucleic acid synthesis" (130) . We would, therefore, like to propose a unifying mechanism which may explain abortive infections due to membrane modifications: ECEs in the host, be they prophage, sex factors, R plasmids, or colicinogenic plasmids, code for certain proteins that are potentially lethal to the host. Many of these proteins are those that interact with cell membranes during the establishment of or maintenance of a bacterial "territory." These same elements normally code for other proteins that protect the host cell from the effect of these potentially lethal proteins. When a phage infects such a cell, it may interfere with this protective mechanism, thereby allowing the potentially lethal proteins to kill the host cell via an interaction with the cell's membrane. Hence the mechanism for such abortive infections would mimic the mechanism by which the intracellularly freed lethal protein would normally kill another cell were it to interact with another cell from the outside. The proposed mechanism for the ColIb-induced inhibition of T5 fits this pattern very well, although, as discussed above, it is by no means a proven fact. In the case of the T7-F-plasmid system, a similar mechanism can be proposed. The F plasmid may code for a protein that can interact in a lethal manner with the membranes of the cells in which it resides, but normally this does not occur because the F plasmid also will code for a protein that protects these celLs from this potentially lethal protein. After infection with T7, a phage protein may be induced that inactivates the protective protein so that the potentiaijy lethal protein is freed to kill the cell. The mechanism involves an interaction among gene products from three sources: host, plasmid, and phage. Genetic studies support this concept in that T7 mutants that do not cause the inhibition have been isolated (56) and mutations at two sites in the F plasmid allow a productive infection by T7 (13, 14) . Conceivably, these could be in the gene coding for the lethal protein (possibly the pifA gene) and in the gene coding for the protective protein (possibly the pifB gene). Mutations in both pifA and pifB should result in total permissiveness for growth of T7, just as has been found (113) . Mutations only in pifA should also be permissive, but mutations inpifB could be lethal to the uninfected host cell. Predictably, viable pifA+ pifB mutants would be difficult to produce (21, 113). Phage mutants that can grow in F+ cells are presumably deficient in the phage-specified protein that interferes with the protective system for the F-plasmid product described above (56). Finally, mutations of the host genome that permit T7+ to grow productively in F+ cells are known (28) , and these may be mutations in genes for the target of the lethal protein.
As mentioned before, some of these host mutants that allow T7 infection in the presence of the F plasmid are streptomycin resistant, and presumably the mutation that permits the productive T7 infection is in the rpsL (strA) locus. This situation appears to strengthen the position of those who have invoked a translational mechanism controlled by the F plasmid for the abortive response of T7+ in male cells. However, the host genes required to be mutated to yield the streptomycin-resistant phenotype may not yet be fully defined. Whereas a mutation in the rpsL gene, which codes for a ribosomal protein, clearly is found in some streptomycin-resistant mutants, other genes may be involved in the resistance. Since most clinical isolates that are resistant to aminoglycosides lack the ability to accumulate these drugs effectively (125) , some streptomycin-resistant strains may be mutated in a gene that codes for a membrane protein.
Two genes that code for membrane proteins are, in fact, closely linked to the rpsL gene. These are the trkB gene for potassium transport (44) and the ompB gene, whose product mediates conjugation (159) . Hence, the streptomycin-resistant mutants may have altered membrane proteins to which the putative lethal protein coded for by the F plasmid cannot bind. The infected cell would still liberate the intracellular lethal protein, but it could not interact with membrane proteins to kill the cell, and a productive infection would ensue.
The mechanism by which X lysogens abort infections with mutants of T-even phages (45, 49, 139) or with Ir mutants of T5 (76) has not yet been elucidated, but the evidence again favors a membrane alteration as the primary VOL. 45, 1981 on October 16, 2017 by guest http://mmbr.asm.org/ Downloaded from event. The product of the rII gene of T-even phage is found in the membrane (120, 163) , as is the product of the Al gene of T5 within which the Ir loci reside (40) . Furthermore, membrane dysfunction has been clearly demonstrated in the rII-X abortive system. In both abortive systems, the product of the lambda rex gene is required. It seems, therefore, that the product of the rex gene is lethal to cells infected with rII mutants of T-even phages or with Ir mutants of T5, and that one of the functions of the product of the rII gene and of the gene containing the Ir loci is to inactivate the rex gene product. How the rex gene product causes membrane dysfunction, which leads to death of rII-infected or Irinfected cells, is, however, the question that remains to be answered. If the rex gene product interacts with a protein in the host cell's membrane, perhaps there are host mutants that would allow growth of rII mutants in lambda lysogens.
We have postulated that during some phage infections, the phage may inactivate the immunity of a plasmid or of a prophage to a potentially lethal protein that these genetic elements carry for some other purpose. Alternatively, ECEs may carry genes specifically to prevent superinfecting virulent phage infection. These genes could code for molecules similar to colicins but lacking the colicin molecule's receptor for a cell surface protein. These 
